[1] The natural remanent magnetization (NRM) of the Martian meteorite ALH84001 is predominantly carried by fine magnetite, which is found in association with carbonate. The magnetite is in epitaxial and topotactic relation with the carbonate and formed from the carbonate in the major impact event at 4.0 Ga. The NRM will therefore record this field. The local preferential crystallographic and shape alignment of the magnetite defines local easy directions of magnetization may account for the observed inhomogeneity of the NRM on a microscopic scale. Normalizing the intensity of the NRM by the saturation isothermal remanence (IRMs) then gives an estimate for the 4.0 Ga Martian field one order smaller than the present geomagnetic field. Such a field is unlikely to be strong enough to generate the high-intensity Martian magnetic anomalies. ALH 84001 in its pristine state as an orthopyroxenite is not a plausible source rock for the Martian anomalies because its magnetite was not formed until the 4.0 Ga event. 
Introduction
[2] The Martian meteorites provide an unanticipated glimpse of Martian history. Their natural remanent magnetization (NRM) has yielded estimates of the intensity of the ancient Martian magnetic fields [Cisowski, 1987; Collinson, 1997] . The magnetism of ALH84001 is of particular interest for three reasons. First, its extreme age opens the possibility of estimates of early Martian fields [Kirschvink et al., 1997; Weiss et al., 2001 Weiss et al., , 2002a Weiss et al., , 2002b . Second, its paleomagnetic record has been used to argue for a low-temperature ejection and transfer of the meteorite from Mars to Earth [Kirschvink et al., 1997; Weiss et al., 2001 Weiss et al., , 2002a Weiss et al., , 2002b . Third, the magnetite in it has been interpreted to be biogenic and hence to corroborate the presence of ''fossil'' material in the meteorite [ThomasKeprta et al., 2000 [ThomasKeprta et al., , 2001 . ALH84001 is a cataclastic orthopyroxenite. It initially crystallized at $4.5 Ga was involved in a major impact event at 4.0 Ga [Nyquist et al., 2001] , that reset the Ar/Ar clock, was excavated from the Martian surface by another event at approximately 15 Ma [Nyquist et al., 2001] , and eventually landed in Antarctica some 13,000 years ago [Jull et al., 1995] . It contains secondary carbonate of controversial origin with which magnetite is associated. The carbonate has been dated at approximately 4.0 Ga [Borg et al., 1999] .
[3] Collinson's initial study of mutually oriented subsamples of ALH84001 [Collinson, 1997] indicated that individual subsamples had soft magnetizations whose directions were dissimilar, but that a harder magnetization, which demagnetized between 20 and 40 mT, was similar in different subsamples. His interpretation of the magnetization gave an estimate of the Martian field of one order smaller than the geomagnetic field. Isolated NRM in neighboring pyroxene grains of ALH84001 was reported to differ in the two grains by some 70° [Kirschvink et al., 1997] . The magnetization was interpreted to have been acquired during cooling after the 4.0 Ga impact event and the difference in direction between the grains to be due to subsequent differential rotation of the grains during brittle deformation. Thus they interpreted their results as a positive conglomerate test [e.g., Butler, 1992] ; that is, the magnetization of the pyroxene clasts had survived the clastic deformation that caused the rotation of the particles. The analysis of the different magnetizations in the neigh-boring grains led to an upper temperature limit since magnetization on Mars of 110°C. Weiss et al. [2001 Weiss et al. [ , 2002a discovered that the magnetization of ALH84001 was inhomogeneous, such that individual carbonate grains were magnetized in a single direction, but the directions in different carbonate grains were different. They suggested that magnetization was probably carried by magnetite and minor pyrrhotite in association with the carbonate. In this work, partial thermal demagnetization further reduced the constraints on heating to 40°C, since the time that the magnetization was acquired on the Martian surface. In later papers, they developed detailed history of the 40 Ar/ 39 Ar thermochronology of ALH 84001 and discussed the implications of the magnetization for Martian dynamos [Weiss et al., 2002a [Weiss et al., , 2000b .
[4] Understanding the origin of the magnetite is crucial for an understanding of the magnetic record in ALH84001. If the magnetite is biogenic, as suggested by ThomasKeprta et al. [2000] , it must presumably have been brought in by aqueous solutions that arrived subsequent to the 4.0 Ga impact event. However, petrological studies [Brearley, 1998; Golden et al., 2001; Barber and Scott, 2002] now appear to have clarified that the magnetite formed at high temperature caused by the impact event at 4.0 Ga. Moreover, Barber and Scott [2002] report that euhedral magnetite in the body of the carbonate is topotactic with the carbonate and that periclase is found in a similar relationship in regions of magnesian carbonate. Magnetites in the opaque rich carbonate rims are more diverse in form and grain size, and their orientation is less constrained. The occurrence of both magnetite and periclase is consistent with formation by decomposition of carbonate at high temperature.
[5] Here, we present new analyses of the paleomagnetic record and rock magnetism of ALH84001. Our preliminary paleomagnetic results [Antretter and Fuller, 2001] confirmed and extended those of Collinson [1997] . We have now carried out additional rock magnetic and paleomagnetic analyses to clarify the magnetic phases in ALH 84001, the acquisition of their remanence, and the possible implications for early Martian dynamos.
Methods
[6] The NRM of three subsamples of ALH84001 was measured at the University of Hawaii paleomagnetic laboratory with a 2G superconducting rock magnetometer with in-line AF demagnetization system. The samples were stored in mu-metal cans in the shielded room prior to measurement to eliminate short timescale viscosity effects. Anhysteretic remanent magnetization (ARM) was given to samples after AF demagnetization. This was done in the AF system of the 2G magnetometer in a 0.1 mT DC field using an AC field of 0.1 T. Thermal demagnetization was carried out with a Shaw furnace and remanence measured on the 2G magnetometer.
[7] Hysteresis curves were obtained at the University of Munich using a translational balance and at the Institute of Rock Magnetism using a PMC 390 Micromag, and a PAR vibration magnetometer. Isothermal remanent magnetization (IRM) was given with an Analytical Services IM-10 pulse magnetizer. Low-temperature observations of remanence were made at the Institute of Rock Magnetism using their Quantum Design MPMS XL.
Analysis of the Remanent Magnetization of ALH84001
[8] We found two different NRM magnetizations within subsamples of ALH84001. There is a soft magnetization, much of which demagnetizes by 10 mT (Figure 1 ) and a harder magnetization, which demagnetizes between about 20 and 40 mT (Figure 2 ). The harder magnetization is in a similar direction in different subsamples (Figure 2d ). The softer magnetization is in different directions in different subsamples, but in the largest subsample, which gives the best determination, it is within 45°of the reverse direction of the harder moment (Figures 1 and 2 ). The magnetization of the meteorite is homogenous in the sense that different samples, which are mutually oriented, give the same intermediate direction. The directional changes during demagnetization and the demagnetization spectra are similar to those in the samples studied by Collinson [1997] and in the individual pyroxene crystals studied by Kirschvink et al. [1997] , which suggests that all have a similar origin.
[9] Preliminary thermal demagnetization to 100°C of NRM has been carried out and brought about a decrease in intensity of 11%. Principal component analysis [Kirschvink, 1980] showed that the magnetization which was lost between room temperature and 100°C was in a direction of 206.5 with an inclination of À42.9 and a MAD angle of 2.7 in the coordinate system of Figure 1c . The surviving magnetization after 100°C thermal demagnetization is in a direction of 298.1 with an inclination of À14.9, which is close to the harder direction in other subsamples ( Figure  2c ). It therefore appears that this thermal demagnetization has eliminated a low blocking moment that is similar to the soft moment demagnetized by low field AF demagnetization and left a magnetization, which is similar to that isolated by AF demagnetization. Since the soft, low blocking temperature moment is in different directions in different samples, it may have been acquired during the processing of the samples, or subsequently. When this sample was again thermally demagnetized to 100°C after a period of about 1 month in a shielded room, it again lost substantial magnetization demonstrating that it had picked up a moment even in the shielded room. Such behavior is suggestive of strong interactions and complicates interpretation of thermal demagnetization results and of classical intensity determinations.
[10] In the analysis of NRM, anhysteretic remanent magnetization (ARM) in a 0.1 mT is often used as a proxy for weak field TRM because it shares some properties with TRM, but does not involve heating the sample. In Figure 3a , we see that the demagnetization of ARM and IRM are similar. The NRM shows the effect of the near reversed moment discussed in the previous paragraph up to at least 20 mT. Allowing for this effect, we see that from about 20 to 40 mT, the NRM and ARM trajectories are near to parallel and approach linearity with the demagnetization of IRMs (Figures 3a and 3b) . This is consistent with acquisition of a TRM by the fine magnetite during cooling in the presence of a field. The ratio of NRM to IRM is of order 10
À3
, which indicates that if this magnetization is indeed a TRM, it must have been acquired in a field about one order smaller than the geomagnetic field [Cisowski and Fuller, 1986] .
Rock Magnetic Analysis
[11] Rock magnetic analysis is consistent with fine grain magnetite being the dominant magnetic phase present. For example, saturation is near completion at 100 mT, although there is a contribution from a magnetically harder phase (Figure 3a) . The amount of this hardest phase varies from sample to sample. The ratio of saturation remanence to saturation magnetization is 0.54 and remanent coercivity to coercive force is 2.3. The crossover value of the demagnetization and acquisition of IRMs is at 0.4 of the IRMs, which indicates that the fine grain magnetite is in a negative interacting state. Viscosity experiments demonstrated that an IRM given in a field of 0.3 mT lost nearly 80% of its intensity within 10 seconds s of acquisition. There was a further small decay up to about one minute, after which no further significant change took place. The sample is thus magnetically viscous in a manner suggesting that there is a range of grain sizes near to the superparamagnetic state at room temperature [Nagata et al., 1972] .
[12] To identify the magnetic phases present in the samples, we attempted to determine the diagnostic Néel (Curie) points and low-temperature magnetic transitions. However, these standard techniques were only partially successful because of the paramagnetic contribution to high-temperature thermomagnetic curves and because there is a strong manifestation of the Néel point of a phase, which is probably chromite, near to the Verwey transition of magnetite. Nevertheless, there were indications of magnetite [Kirschvink, 1980] yields a declination of 140.2°and an inclination of À11.4°with a maximum angular deviation (MAD) of 4.4°. (c) Directional change during demagnetization from 0 to 8 mT, showing magnetization moving from higher to lower negative inclination in the NW quadrant, consistent with the decrease in Z and increase in X and Y.
in standard thermomagnetic curves and in cooling IRMs from room temperature.
[13] In the face of the overwhelming paramagnetic signal, we used thermal demagnetization of IRMs, to find the temperatures at which the remanent magnetization was demagnetized. This measures the temperature at which the thermal energy overcomes the pinning energy of the magnetization and the magnetization unblocks, rather than the temperature at which thermal energy overcomes the superexchange energy. Nevertheless, it often gives an indication of the Néel point. Our first experiment was carried out with a vibration magnetometer and revealed continuous thermal demagnetization of remanence from room temperature to about 350°C at which the signal disappeared into the noise. In a second experiment we carried out a stepwise thermal demagnetization to utilize the higher sensitivity of a 2G superconducting magnetometer. Evidence for magnetite with distributed blocking temperatures to its Néel point is seen (Figure 4 ). There is no indication of the pyrrhotite Néel point at 325°C, so that although pyrrhotite may be present as claimed earlier [Kirschvink et al., 1997; Weiss et al., 2001; Rochette et al., 2001 ], it does not contribute strongly to IRMs.
[14] To investigate the strong demagnetization at low temperatures, a second sample, which carried IRM of different microscopic coercivities parallel to its 3 axes X, Y, and Z, was thermally demagnetized to 100°C [Lowrie, 1990] . The strongest demagnetization was along the axis carrying magnetization acquired in the range of 100 to 500 mT, which is consistent this magnetization being carried by magnetite.
[15] Low-temperature thermal demagnetization of IRMs given at À269°C, after field cooling and after zero field cooled through the Verwey transition revealed a signal (Figure 5a ) superficially similar to that of biogenic magnetite [Moskowitz et al., 1993] . However, measurement of [Fisher, 1953] give a mean declination of 313.7°and inclination of À33.7 with an alpha 95 of 12.6°. hysteresis loops at temperatures from À153°C to À193°C clearly showed the increase in saturation magnetization caused by cooling through the Néel point of a phase presumably chromite (Figure 5b ).
Discussion
[16] This discussion is broken into three parts, so that the questions of the identity of the magnetic phases present, the record they carry, and the possible implications for Mars can be considered independently.
Identity of Magnetic Carriers
[17] The thermal demagnetization of IRMs demonstrated that this magnetization is dominated by magnetite. The presence of magnetite is confirmed by expression of the Verwey transition in cooling IRMs from room temperature. The magnetite is predominantly fine grained as is evident from the hysteresis properties, the viscosity and the AF demagnetization characteristics.
[18] There may also be contributions to the magnetization from pyrrhotite [Kirschvink et al., 1997; Weiss et al., 2001; Rochette et al., 2001] and chromite [Weiss et al., 2002b] . Neither the low-temperature transition nor the Curie point of pyrrhotite was seen in the thermal demagnetization of IRMs, so that its contribution to IRMs is small, if any. We observed a strong manifestation of the Neel point of chromite close to 100 K, so that if there is a contribution from chromite to remanence at room temperature, it appears to be carried by a second generation of chromite.
Nature of Acquisition and Record
[19] The keys to the interpretation of the record carried by the magnetite lie in the origin of the magnetite and its subsequent history. We take as a working hypothesis that the magnetite was formed by decomposition of iron rich carbonate at high temperature [Barber and Scott, 2002] . If the magnetite was formed above its 580°C Curie point, the initial magnetization carried by the magnetite would have been a thermal remanent magnetization (TRM) acquired during cooling after the 4.0 Gyr event. However, if the magnetite formed around 450°C, a mixture of chemical remanence acquired at formation and partial TRM during subsequent cooling would ensue, termed thermochemical remanence (TCRM).
[20] Given that most magnetites are single domain and elongated along [111] [ Thomas-Keprta et al., 2001] and that this tends to be aligned with the z axis in the carbonate [Barber and Scott, 2002] , the direction of magnetization of the magnetite will tend to be along the z axis of the carbonate crystals. This may account for the inhomogeneity in magnetization observed by Weiss et al. [2001 Weiss et al. [ , 2002b given that a carbonate grain is composed of a single crystal, or a small number of crystals. As observed, individual carbonate grains would be homogeneously magnetized along the nearest easy axis to the inducing field direction, but the magnetization of different carbonate grains could differ. We propose to test the idea further with magnetic force microscopy. On the scale of the various measured samples, this effect would give a reduction in intensity, but This diagram illustrates the ratio of NRM and ARM to IRM throughout the demagnetization procedure. The ratio of ARM to IRM is constant throughout and typical of a weak field magnetization. The NRM trajectory is more erratic, but in a range from about 25 to 40 mT, it is parallel to the ARM trajectory and the ratio of 10 À3 consistent with a weak field magnetization acquired in a field one order smaller than the geomagnetic field [Cisowski and Fuller, 1986] . there would still be an apparently homogeneous magnetization as we and Collinson [1997] observed.
Implications for Mars
[21] Our work suggests that given the preferred scenario of the formation of the magnetite at elevated temperature in the 4.0 Gyr event, it is the field at this time, which was initially recorded by the magnetite. Moreover, there is no petrological, nor evidence from the Ar Ar age determination that the interior of the meteorite has been heated close to its Curie point subsequently [see also Weiss et al., 2002b] . The value given by the stable NRM of the samples should then be an estimate of the field at 4.0 Ga. This value suggests a field intensity one order smaller than the present geomagnetic field, in agreement with other reported values [Collinson, 1997; Weiss et al., 2002a] . It might be argued that because the magnetization is inhomogeneous on the scale of individual carbonate globules [Weiss et al., 2001 ] that this field estimate should be regarded as a minimum field value. However, to reduce the intensity by as much as an order of magnitude requires strongly randomized orientation of the magnetization of individual carriers. This has not been suggested. If the inhomogeneity of the magnetization is due to the systematic alignment of magnetite particles within the carbonate, as we suggested above, then because our method is a normalization technique the IRMs will also be reduced. In this case, there is no reason to think that the normalization method is a minimum estimate.
[22] A field one order smaller than the geomagnetic field is unlikely to have been strong enough to cause the very strong Martian magnetic anomalies [Acuna et al., 1999] . Moreover, it is even less likely that ALH84001 in its pristine state, as an orthopyroxenite, could have acted as a source rock for the anomalies because its principal magnetic carriers were only formed in the impact event at 4.0 Ga.
[23] The concentration of magnetic anomalies in part of the southern highlands and the absence of these anomalies in the three large impact basins have been interpreted by most authors to indicate that, (1) the dynamo was strongest before 4.2 Gyr and (2) it had already decayed significantly by 4.0 Byr [Stevenson, 2001] . Our data are consistent with this interpretation. However, Schubert et al. [2000] question whether the crust was magnetized when the large impact basins formed. They infer that the Martian dynamo, like the lunar one, began after 4.0 Gyr. They suggest that planetary dynamos start long after planet formation when the inner core starts to solidify and cease when the core is substantially solid. If they are correct, then ALH84001 may have been magnetized at the start of the dynamo activity before the intense crustal anomalies were established.
[24] Given the uncertainty in ages derived from crater counting we believe that ALH84001 is best regarded as providing a strong constraint on the dynamo action at 4.0 Ga, but does not distinguish between different dynamo histories.
Conclusions
[25] We conclude the following:
[26] 1. The field intensity value of the order of microteslas given by the stable NRM of the samples from ALH84001should be an estimate of the field at 4.0 Ga and be accurate to order of magnitude.
[27] 2. The presence of a phase with a Néel point close to the Verwey transition of magnetite complicates the use of the standard test for biogenic magnetite [Moskowitz et al., 1993] , so that it alone does not provide convincing evidence for magnetotactic bacteria on Mars.
[28] 3. If magnetization lost in thermal demagnetization is used to set constraints on temperatures during transfer from Mars to Earth, it must be demonstrated that the magnetization was acquired on Mars and is not a viscous magnetization acquired on Earth.
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